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We propose a scheme that can generate a microwave-controlled optical double optomechanical in-
duced transparency (OMIT) in a hybrid piezo-optomechanical cavity system, in which a piezoelectric
optomechanical crystal AlN-nanobeam resonator is placed in a superconducting coplaner microwave
cavity. We show that when an intense microwave field is applied to the superconducting microwave
cavity, with a strong pump optical field and a weak probe optical field applied to the optomechan-
ical crystal cavity through the optical waveguide, a double transmission window can be obtained
in the weak output probe field. This phenomenon arises because an N-type four-level system can
be formed in our scheme, under the effects of the radiation pressure and the piezoelectric interac-
tion, the quantum interference between different energy level pathways induces the occurrence of
the double-OMIT. Our scheme can be applied in the fields of optical switches, high-resolution spec-
troscopy, coherent population trapping and quantum information processing in solid-state quantum
systems.
PACS numbers: 42.50.Gy, 42.50.Wk, 41.20.Jb
I. INTRODUCTION
Mutual interaction between the optical field and the
microwave field is an active research area, that has been
studied theoretically and experimentally in many fields,
such as the coherent signal transfer [1–3], bidirectional
conversion [4–6] and coherent coupling [7–10]. Those
phenomena have been realized in many systems, a repre-
sentative example of which is the optomechanical system.
A traditional optomechanical system comprises mechani-
cal resonators and optical or microwave field cavities [11].
With the advantage of integration, the traditional op-
tomechanical system has been extended to various hy-
brid solid-state quantum systems, including integration
with optical lattice crystals [9], piezoelectric materials
[12], superconducting microwave cavities [13], and super-
conducting quantum circuits [14].
Since the electromagnetically induced transparency
(EIT) phenomenon was observed in three-level atomic
systems [15, 16], many novel EIT-related effects have
also been studied theoretically and experimentally in
multiple-level systems, such as the two-photon absorp-
tion phenomenon [17–23]. Two-photon absorption was
first proposed theoretically by Harris et al [18] and ob-
served by Yan et al [19] in the Rb atomic system; this
effect arises from quantum interference occurring in the
four-level energy structure formed by the atomic systems.
One important application of two-photon absorption is to
realize the double-EIT phenomenon, which can be used
in the fields of high-speed optical switches [24], high-
resolution spectroscopy [25], cross-phase modulation [26],
and quantum information processing [27].
∗ wangzy@sari.ac.cn
In addition to EIT in natural atomic systems, optome-
chanical induced transparency (OMIT), which is an EIT-
like phenomenon, has also been studied in various op-
tomechanical systems [9, 14, 28–36], such as the optome-
chanical crystal nanobeam cavity system [29]. An op-
tomechanical crystal nanobeam cavity system is formed
based on a freestanding beam structure, in which an ar-
ray of periodic elliptical air holes is patterned. The sys-
tem is designed to support the co-localized high-Q op-
tical cavity mode and the mechanical resonance mode
simultaneously. In this device, the optical mode and the
mechanical mode can interact strongly with each other
via radiation pressure; a single-photon radiation pressure
coupling strength of 1.1 × 106 Hz has been realized ex-
perimentally [9].
Recently, in some research experiments, optomechan-
ical crystal nanobeams have been fabricated using both
photoelastic and piezoelectric materials [7, 9, 12], such
as AlN [7]. Under the effects of the radiation pressure
and the piezoelectric interaction, the AlN-nanobeam res-
onator can be driven by both the optical field and the
microwave field simultaneously. Strong piezoelectric cou-
pling between the microwave field and the mechanical
resonator has also been realized recently [37–40], for ex-
ample, in the superconducting coplanar microwave cav-
ity system, the piezoelectric coupling strength between
the microwave and mechanical modes can be designed to
reach 12.3× 106 Hz [37].
Here, we propose a hybrid optical and microwave piezo-
optomechanical cavity system, in which an optomechani-
cal crystal AlN-nanobeam resonator is placed in a super-
conducting coplanar microwave cavity without contact.
In this system, the AlN-nanobeam mechanical resonator
can be effectively driven by both the microwave field and
the optical field simultaneously, under the effects of the
2radiation pressure and the piezoelectric interaction, re-
spectively. We show that, when an intense microwave
field is applied to the superconducting microwave cavity,
with a strong pump and a weak probe optical field applied
to the optomechanical crystal cavity through the opti-
cal waveguide, a double-OMIT window can be obtained
in the weak output probe field. Similar to the double-
EIT observed in the natural atomic systems, the double-
OMIT can be applied in the fields of optical switches,
high-resolution spectroscopy, and quantum information
processing in solid-state quantum systems.
This phenomenon arises because an N-type four-level
structure can be formed in our scheme, similar to the
double-EIT phenomenon, which also arises from the four-
level structure formed in the natural atomic systems, and
the relevant mechanisms have been studied extensively
[26, 41]. In contrast to the single-OMIT phenomenon
observed in the traditional Λ-type three-level optome-
chanical system [42], the energy level of the mechanical
resonator is split into two new dressed levels in our sys-
tem. Under the effect of quantum interference between
different energy level pathways, the third-order nonlin-
ear absorption can be enhanced by constructive quantum
pathway interference while the linear absorption is inhib-
ited by destructive quantum pathway interferencel; as a
result, the single transmission window is split into two
new windows to generate the double-OMIT window.
The double-OMIT phenomenon has been studied the-
oretically in many three-mode nonlinear optomechanical
systems [30, 31, 43–46], according to the different types
of combinations, these systems can be divided into the
following classes: the cavity mode coupled with two me-
chanical resonator modes [43, 44], the mechanical res-
onator mode coupled with two cavity modes [45], the
mechanical resonator mode coupled with a cavity mode
and an another mechanical resonator [30] (or a qubit [31])
mode, the cavity mode coupled with a mechanical res-
onator mode and another cavity mode [46], and so on.
Relative to the previously studied systems, our system
has the following advantages: (i) our proposed scheme is
a combination of the piezoelectric optomechanical crystal
AlN-nanobeam resonator and the superconducting copla-
nar microwave cavity, which is relatively robust and scal-
able; (ii) the distance between the two windows of the
double-OMIT can be controlled by changing the piezome-
chanical coupling strength, which is related to the posi-
tion of the AlN-nanobeam resonator in the microwave
cavity; (iii) our scheme can realize switching between the
double-OMIT and the single-mode OMIT by changing
the frequency of the microwave field, and the transmis-
sion width of the single-mode OMIT window can be con-
trolled by changing the power of the microwave field; (iv)
moreover, our scheme can also realize the switching be-
tween the symmetric and asymmetric double-OMIT win-
dow by changing the frequency of the microwave field, in
contrast to previous schemes, in which the frequencies of
the mechanical resonator [30] and qubit [31] are fixed in
the designed devices, only the symmetric or asymmetri-
cal double-OMIT window is generated.
The paper is organized as follows. In Sec. II we
describe the proposed system and derive the quantum
Langevin equations(QLEs). In Sec. III we discuss the
experimental feasibility of our system and the physical
mechanism of the double-OMIT. In Sec. IV the tunable-
OMIT controlled by the inputs fields is presented. The
last section concludes the paper.
II. THEORETICAL MODEL
The schematic of our proposed hybrid optical and mi-
crowave piezo-optomechanical cavity system is shown
in Fig.1(a), in which an optomechanical crystal AlN-
nanobeam resonator is placed in a superconducting
coplanar microwave cavity without contact. Fig.1(b)
shows the schematic diagram of the experimental con-
figuration. The optomechanical crystal cavity AlN-
nanobeam resonator is a mechanically suspended AlN-
beam, in which an array of periodic elliptical air holes is
patterned. The resonator is designed to support the co-
localized high-Q optical cavity modes and the mechanical
resonance modes simultaneously, and the same structure
was fabricated and applied in a related experiment [7].
The superconducting coplanar microwave cavity com-
prises the top electrode, bottom electrodes, SiO2 sub-
strate and silicon substrates, where the bottom electrode
is offset from the AlN-nanobeam resonator to form the
ground plane, and the top electrode is fabricated beside
the AlN-nanobeam resonator with a gap between them.
This arrangement can ensure a considerable portion of
the out-of-plane electric field in the AlN-nanobeam res-
onator and ease fabrication challenges [37]. The AlN-
nanobeam mechanical resonator can be effectively driven
by both the microwave field and the optical field, in which
the microwave field is applied to the superconducting
coplanar microwave cavity directly, and the optical fields
are applied to the system via the optical waveguide. The
coupling between the optical field and the mechanical
motion is referred to as the optomechanical coupling,
and the coupling between the microwave field and the
mechanical motion is referred to as the piezomechani-
cal coupling. More importantly, as a gap exists between
the top electrode and the AlN-nanobeam resonator, the
piezoelectric coupling strength can be adjusted by chang-
ing the distance between them, with the strength being
inversely proportional to the distance [37].
We assume that when the superconducting planar mi-
crowave cavity is driven by an intense microwave field
with frequency ωk, a strong optical pump field with fre-
quency ωpu and a weak optical probe field with frequency
ωpr are applied to the optomechanical AlN-nanobeam
resonator cavity via the optical waveguide. The fre-
quency of the microwave cavity is ωc, and the frequen-
cies of the co-localized optical cavity mode and me-
chanical phonon mode are ωa and ωb, respectively. By
adopting the interaction picture with respect to H ′ =
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FIG. 1. (color online) (a) Schematic diagram of the hybrid
optical and microwave piezo-optomechanical cavity system, in
which an optomechanical crystal AlN-nanobeam resonator is
placed in a superconducting coplanar microwave cavity with-
out contact. The superconducting coplanar microwave cavity
is driven by an intense microwave field. The optomechanical
crystal AlN-nanobeam resonator is driven by a strong pump
field and a weak probe field via the optical waveguide. (b)
Schematic diagram for the experimental configuration, where
the superconducting coplanar microwave cavity comprises a
top electrode (purple), bottom electrodes (yellow), SiO2 sub-
strate (cyan) and silicon substrates (blue).
~ωpuaˆ
†aˆ + ~ωkcˆ
†cˆ, the Hamiltonian of the total system
can be given by
H = H0 +HI , (1)
where
H0 = ~∆aaˆ
†a+ ~∆ccˆ
†cˆ+ ωbbˆ
†bˆ, (2)
HI = −~gomaˆ
†aˆ(bˆ† + bˆ)− ~gem(bˆ
†cˆ+ bˆcˆ†)
+(i~εpuaˆ
† + i~εpre
−iδtaˆ† + i~εkcˆ
† +H.c.). (3)
H0 is the free Hamiltonian of the system, where aˆ, cˆ
and bˆ are the annihilation operators of the optical cavity
mode, the microwave cavity mode and the mechanical
phonon mode, respectively. ∆a = ωa − ωpu is the detun-
ing of the optical pump field from the optical cavity, and
∆c = ωc − ωk is the detuning of microwave driven field
from the microwave cavity. HI describes the interaction
between the hybrid piezo-optomechanical cavity system
and the input fields. The first term is the optomechani-
cal interaction term. gom denotes the single-photon op-
tomechanical coupling strength between the microwave
field and the mechanical phonon mode and is defined as
gom = (ωa/L)
√
~/mωb, where m is the effective mass of
mechanical mode and L is the effective length of the opti-
cal cavity. The second term is the piezomechanical inter-
action term, where gem is the piezomechanical coupling
strength between the microwave field and the mechanical
phonon mode. The last four terms describe the energy of
the input fields, where δ = ωpr−ωpu is the detuning of the
optical probe field from the pump field. The intensities
of the input optical pump field, optical probe field, and
the microwave field are defined as εpu =
√
Ppuκa/(~ωpu),
εpr =
√
Pprκa/(~ωpr) ,and εk =
√
Pkκc/(~ωk), respec-
tively, where Ppu, Ppr , and Pk are the input powers of the
optical pump field, optical probe field, and the microwave
field, respectively. κa and κc are the decay rates of the
optical cavity and the microwave cavity, respectively.
However, the dynamics of the three modes are also
affected by damping and noise processes. By adopting
the approach involving the QLEs, in which the Heisen-
berg equations for the operators are supplemented with
damping and noise terms [8, 32], we find the resulting
nonlinear QLEs to be
˙ˆa = −(i∆a +
κa
2
)aˆ+ igomaˆ(bˆ
† + bˆ)
+εpu + εpre
−iδt + fˆin,
˙ˆc = −(i∆c +
κc
2
)cˆ+ igembˆ+ εk + ξˆin,
˙ˆ
b = −(iωb +
γb
2
)bˆ + igomaˆ
†aˆ+ igemcˆ+ ςˆin,
(4)
where γb is the intrinsic damping rate of mechanical res-
onator; fˆin and ξˆin are the optical and microwave input
noises, respectively; and ςˆin is the quantum Brownian
noise acting on the nanobeam resonator [8]. For simplic-
ity, the hat symbols of the operators are omitted in the
rest of this description.
Relative to the intensities of the optical pump field and
the microwave field, the optical probe field is a weak field
that satisfies the conditions εpr ≪ εpu and εpr ≪ εk. We
can linearize the dynamical equations of the system by
assuming a = as + δa, c = cs + δc and b = bs + δb,
all of which are composed of an average amplitude and
a fluctuation term. Here, as, cs and bs are steady-state
values when only the strong optical pump field and the
microwave field are applied. By assuming εpr → 0 and
setting all the time derivatives to zero, we obtain
as =
εpu
i∆′a +
κa
2
,
cs =
igembs + εk
i∆c +
κc
2
,
bs =
igom|as|
2
+ igemcs
iωb +
γb
2
,
(5)
where ∆′a = ∆a − gom(b
∗
s + bs), ∆
′
a is the effective de-
tuning of the optical pump field from the optical cavity,
including the frequency shift caused by the mechanical
motion. Furthermore, by substituting the assumptions
4a = as + δa, c = cs + δc and b = bs + δb into the non-
linear QLEs and dropping the small nonlinear terms, we
can obtain the linearized QLEs as follows:
δ˙a = −(i∆′a +
κa
2
)δa+ iGom(δb
† + δb) + εpre
−iδt + fin,
δ˙c = −(i∆c +
κc
2
)δc+ igemδb + ξin,
δ˙b = −(iωb +
γb
2
)δb + i(G∗omδa+Gomδa
†) + igemδc+ ςin,
(6)
where Gom = gomas is the total coupling strength be-
tween the optical mode and mechanical mode.
We assume that the system is operated in the resolved
sideband regime, in which ωb ≫ κa and ωb ≫ κc. The
mechanical resonator has a high quality factor for ωb ≫
γb, and the mechanical frequency ωb is also much larger
than Gom and gem. The fluctuation terms δa, δc, δb and
the noise terms fin, ξin, ςin can be rewritten as
δa = δa+e
−iδt + δa−e
iδt,
δc = δc+e
−iδt + δc−e
iδt,
δb = δb+e
−iδt + δb−e
iδt,
δfin = δfin+e
−iδt + δfin−e
iδt,
δξin = δξin+e
−iδt + δξin−e
iδt,
δςin = δςin+e
−iδt + δςin−e
iδt,
(7)
where δO+ and δO− (with O = a, c, b) correspond to
the components at the original frequencies of ωpr and
2ωpu − ωpr, respectively [33, 47]. Substituting Eq. (7)
into Eq. (6) and ignoring the second-order small terms
and equating coefficients of terms with the same fre-
quency, we obtain the component at the original frequen-
cies ωpr as follows:
˙δa+ = (iλa −
κa
2
)δa+ + iGomδb+ + εpr + fin+,
˙δc+ = (iλc −
κc
2
)δc+ + igemδb+ + ξin+,
˙δb+ = (iλb −
γb
2
)δb+ + iG
∗
omδa+ + igemδc+ + ςin+,
(8)
where λa = δ −∆
′
a, λc = δ −∆c, and λb = δ − ωb.
Next, we take the expectation values of the operators in
Eq. (8). As the noise terms obey the following correlation
fluctuations[11]:
〈fˆin(t)fˆ
†
in(t
′)〉 = [N(ωa) + 1]δ(t− t
′),
〈fˆ †in(t)fˆ in(t
′)〉 = [N(ωa)]δ(t− t
′),
〈ξˆin(t)ξˆ
†
in(t
′)〉 = [N(ωc) + 1]δ(t− t
′),
〈ξˆ†in(t)ξˆin(t
′)〉 = [N(ωc)]δ(t− t
′),
〈ςˆin(t)ςˆ
†
in(t
′)〉 = [N(ωb) + 1]δ(t− t
′),
〈ςˆ†in(t)ςˆin(t
′)〉 = [N(ωb)]δ(t− t
′),
(9)
where N(ωa) = [exp(~ωa/kBT ) − 1]
−1 and N(ωc) =
[exp(~ωc/kBT )− 1]
−1 are the equilibrium mean thermal
photon numbers of the optical and microwave fields, re-
spectively; N(ωb) = [exp(~ωb/kBT ) − 1]
−1 is the equi-
librium mean thermal phonon number of the nanobeam
resonator. We can safely assume that the optical field
satisfies the condition ~ωa/kBT ≫ 1 at room temper-
ature. For microwave fields and the nanobeam res-
onator, whose frequencies are both in the GHz regime,
environment temperature in the mK regime — which
can be reached inside a dilution refrigerator — is suf-
ficient to ensure that ~ωc/kBT ≫ 1 and ~ωb/kBT ≫ 1
[11, 48]. To neglect the influences of noise, we assume
that our system is operated in the temperature of mK
regime, in which the noise terms satisfy the condition
〈fin+〉 = 〈ξin+〉 = 〈ςin+〉 = 0. Under the mean-field
steady-state condition 〈 ˙δa+〉 = 〈 ˙δc+〉 = 〈 ˙δb+〉 = 0, we
obtain
0 = (iλa −
κa
2
)〈δa+〉+ iGom〈δb+〉+ εpr,
0 = (iλc −
κc
2
)〈δc+〉+ igem〈δb+〉,
0 = (iλb −
γb
2
)〈δb+〉+ iG
∗
om〈δa+〉+ igem〈δc+〉.
(10)
The solution of 〈δa+〉 can be obtained as
〈δa+〉 =
εpr
κa
2
− iλa +
|Gom|
2
γb
2
−iλb+
g2em
κc
2
−iλc
. (11)
With the input-output relation of the cavity, the out-
put field at the probe frequency ωpr can be expressed as
[33, 42]
εout = 2κa〈δa+〉 − εpr. (12)
The transmission coefficient Tpr of the probe field is also
given by [28, 32]
Tpr =
εout
εpr
= 2κa〈δa+〉/εpr − 1. (13)
Defining εT =
2κa〈δa+〉
εpr
, we obtain the quadrature εT of
the output field at the probe frequency ωpr,
εT = 2κa〈δa+〉/εpr =
2κa
κa
2
− iλa +
|Gom|
2
γb
2
−iλb+
g2em
κc
2
−iλc
.(14)
The real part Re [εT ] and imaginary part Im [εT ] describe
the absorption and dispersion of the system, respectively.
Supposing that both the optical cavity and the mi-
crowave cavity are driven at the mechanical red sideband,
where ∆′a = ∆c = ωb, we define λ = λa = λc = λb. Af-
ter the simplification, the term εT can be rewritten in a
more intuitive form as follows:
εT =
2κa
κa
2
− iλ+ A+
λ+−iλ
+ A−
λ
−
−iλ
, (15)
where λ± and A± are
λ± =
γb
2
+ κc
2
±i
√
4gem2 − (
γb
2
− κc
2
)2
2
,
A± = ±
λ± −
κc
2
λ+ − λ−
|Gom|
2
.
(16)
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FIG. 2. (color online) (a)The absorption Re[εT ] and (b)the
dispersion Im[εT ] as a function of (δ − ωb)/ωb. The param-
eters we chose are gom/2pi = 1.1 MHz, gem/2pi = 12.3 MHz,
κa/2pi = 5.2 GHz, κc/2pi = 0.025 MHz, γb/2pi = 0.096 MHz,
ωa/2pi = 194 THz, ωc/2pi = 10 GHz, ωb/2pi = 2.4 GHz,
Ppu = 0.12 mW, Pk = 0.1 mW, and ∆a = ∆c = ωb. The
insets in (a) and (b) show the magnified Re[εT ] and Im[εT ]
for the same parametric values, respectively.
This expression has the standard form for the double-
OMIT, which is similar to the double-EIT [49].
III. PHYSICAL MECHANISM OF THE
DOUBLE-OMIT
We present below a discussion of the feasibility of
double-OMIT in the hybrid piezo-optomechanical cavity
system. The parameters of the optomechanical crystal
AlN-nanobeam resonator we used are based on a realis-
tic system [9], in which the single-photon optomechanical
coupling strength can exceed gom/2pi = 1.1 MHz. The
parameters of the superconducting coplanar microwave
cavity we used are also based on the related experiment,
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FIG. 3. (color online) (a)The absorption Re[εT ] and (b)the
dispersion Im[εT ] as a function of (δ−ωb)/ωb, with eliminating
the piezomechanical interaction, i.e., gem = 0. The other
parameters are the same as those in Fig. 2. The insets in (a)
and (b) show the magnified Re[εT ] and Im[εT ] for the same
parametric values, respectively.
in which the intrinsic quality factor of the superconduct-
ing coplanar microwave cavity can exceed 2 × 105 [50].
The frequency of the AlN-nanobeam resonator and the
decay rate of the optical cavity are ωb/2pi = 2.4 GHz
and κa/2pi = 5.2 GHz, respectively, although these val-
ues do not strictly meet the condition of the sideband-
resolved regime of ωb ≫ κa, the assumption that the
system is sideband-resolved is still valid [9]. The piezo-
electric coupling strength between the superconducting
coplanar microwave cavity and the optomechanical crys-
tal AlN-nanobeam resonator can be expected to reach
gem/2pi = 12.3 MHz for an optomechanical crystal AlN-
nanobeam resonator structure with the height, width and
length of 0.55 µm, 1 µm and 100 µm, respectively [37].
We assume that both the optical cavity and the mi-
crowave cavity are driven at the mechanical red side-
6	B
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FIG. 4. (a) Energy level structure of the hybrid piezo-
optomechanical cavity system, where the states of the levels
are designated |i〉(i = 1, 2, 3, 4). The energy differences be-
tween |1〉 and |4〉, |1〉 and |3〉, and |1〉 and |2〉 are the fre-
quencies of cavity a, cavity c, and mechanical resonator b,
respectively, and are designated ωa, ωc and ωb, respectively.
ωpr is equal to ωa, and the detuning events between them
are ωa − ωpu = ωc − ωk = ωb. (b) Energy level structure of
the hybrid piezo-optomechanical cavity system in the dressed-
state picture. |λ±〉 are the new dressed levels generated by
the piezomechanical coupling, with the energy difference of
2gem.
band, where ∆′a = ∆c = ωb. The absorption Re [εT ]
and dispersion Im [εT ] of the optical probe field are plot-
ted as function of (δ − ωb)/ωb, as shown in Fig. 2. In
the absorption curve of the optical probe field, two trans-
parency windows can be obtained, for which the positions
of two minima points are determined by the imaginary
part of λ±, as shown in Eq.(16). The distance between
the two minima points is 2gem, which is closely related to
the piezomechanical coupling strength gem. If we elim-
inate the piezomechanical interaction, then the form of
εT becomes
εT =
2κa
κa
2
− iλa +
|Gom|2
γb
2
−iλb
. (17)
εT has the standard form of the single-OMIT window, as
shown in Fig. 3.
This phenomenon originates from the quantum inter-
ference effect between different energy level pathways,
and the energy level configuration is presented in Fig. 4
(a). In the hybrid piezo-optomechanical cavity system,
an N-type four-level system can be formed by the en-
ergy levels of the superconducting microwave cavity, the
optical cavity and the mechanical resonator. When the
input optical fields and the microwave field are applied
to the corresponding levels, the energy level of the me-
chanical resonator is split into two new dressed levels by
FIG. 5. (color online) The absorption Re[εT ] as functions
of (δ − ωb)/ωb and piezomechanical coupling strength gem;
the units of gem are 2pi × 3 MHz, the values of them are
gem/2pi = 0, 3, 6, 9, 12 MHz, the blue (deep-dark gray) curve,
green (dark gray) curve, red (medium gray) curve, cyan (light
gray) curve, and purple (shallow-light gray) curve correspond
to them, respectively; the other parameters are the same as
those in Fig. 2.
the piezomechanical coupling effect. Under the condition
∆′a = ∆c = ωb for simplicity, the two new dressed lev-
els are λ±, and the disparity between them is 2gem, as
shown in the dressed-state picture in Fig. 4 (b). Under
the effects of the optical radiation pressure, as quantum
interference occurs between different energy level path-
ways, the third-order nonlinear absorption can be en-
hanced by constructive quantum pathway interference,
whereas the linear absorption can be inhibited by de-
structive quantum pathway interference; as a result, the
double-OMIT window appears, and the relevant mech-
anisms have been studied extensively [26, 41]. When
eliminating the piezomechanical interaction, no splitting
of the mechanical resonator level occurs, and the energy
level structure of the scheme remains a Λ-type three-level
system; under the effects of the optical radiation pres-
sure, the double-OMIT window is converted to a single-
OMIT window.
IV. TUNABLE DOUBLE-OMIT VIA THE
OPTICAL AND MICROWAVE FIELDS
To further explore the characteristic of the microwave-
controlled optical double-OMIT, we plot the absorption
Re[εT ] as functions of (δ − ωb)/ωb and gem. As shown
in Fig. 5, in the absence of the controlled microwave
field, only a single transparency window of the optical
probe field appears at the frequency δ = ωb. With the
enhancement of the piezomechanical coupling strength,
the single transmission window is split into two trans-
parency windows, and the separation between them in-
creases. This phenomenon originates from the splitting
of the mechanical resonator that is determined by the
piezomechanical coupling strength, in which the positions
of the two minima points corresponds to the imaginary
part of λ±. When the piezomechanical coupling strength
7FIG. 6. (color online) The absorption Re[εT ] as functions
of (δ − ωb)/ωb and optical pumping power Ppu; the units of
Ppu are 1 × 10
−6 W, the values of them are Ppu = 1.0 ×
10−9, 1.001 × 10−6, 2.001 × 10−6, 3.001 × 10−6, 4.001 × 10−6
W, the blue (deep-dark gray) curve, green (dark gray) curve,
red (medium gray) curve, cyan (light gray) curve, and purple
(shallow-light gray) curve correspond to them, respectively;
the other parameters are the same as those in Fig. 2.
FIG. 7. (color online) The absorption Re[εT ] as functions of
(δ−ωb)/ωb and the detuning ∆c; the units of ∆c are 0.05×ωb,
the values of them are ∆c/ωb = 0.9, 0.95, 1, 1.05, 1.1, the blue
(deep-dark gray) curve, green (dark gray) curve, red (medium
gray) curve, cyan (light gray) curve, and purple (shallow-light
gray) curve correspond to them, respectively; the other pa-
rameters are the same as those in Fig. 2.
is zero, there is no splitting of the mechanical resonator,
and the energy level structure of the scheme remains a
Λ-type three-level system; under the effects of the op-
tical radiation pressure, the single-OMIT is obtained.
With the enhancement of the piezomechanical coupling
strength, the mechanical resonator is split into two new
dressed levels λ±, and the Λ-type three-level structure
of the scheme is replaced by the N-type four-level struc-
ture; with the occurrence of the double-OMIT, the single
transmission window is also split into two transmission
windows.
In the situation shown in Fig. 5, as the transmission
rate of the probe field at the frequency of δ = ωb is de-
termined by the piezomechanical coupling strength, this
phenomenon can be used to realize an optical switch via
the modulation of the piezomechanical coupling strength
from zero to a non-zero value, based on the relation
that the strength is inversely proportional to the dis-
FIG. 8. (color online) The absorption Re[εT ] as functions of
(δ − ωb)/ωb and microwave field strength Pk, with ∆c = 0;
the units of Pk are 5× 10
−7 W, the values of them are Pk =
1.0×10−9, 5.01×10−7 , 1.001×10−6 , 1.501×10−6 , 2.001×10−6
W, the blue (deep-dark gray) curve, green (dark gray) curve,
red (medium gray) curve, cyan (light gray) curve, and purple
(shallow-light gray) curve correspond to them, respectively;
the other parameters are the same as those in Fig. 2.
tance between the top electrode and the AlN-nanobeam
resonator; and this phenomenon is similar to the opti-
cal switch realized in natural atomic systems [24]. When
the two transparency windows appear, a narrow absorp-
tion line can be obtained at frequency δ = ωb. As
the linewidth of the narrow absorption line is approxi-
mately equal to gem, which is small enough relative to
the linewidth of the optical cavity (κa/2pi = 5.2 GHz),
this phenomenon can be potentially applied in the field
of high-resolution spectroscopy and is similar to the sub-
Doppler spectral resolution observed in natural atomic
systems [25]. Furthermore, when the double-OMIT oc-
curs, our system is in a dark state [51], in which the
population of the system is in a coherent superposition
of the states |1〉, |λ+〉 and |λ−〉. This is similar to the
single-OMIT, in which the population is in the coherent
superposition of the states |1〉 and |2〉. As a result, our
system also provides an approach for coherent population
trapping in solid-state quantum systems.
Fig. 6 presents the absorption Re[εT ] with respect to
(δ − ωb)/ωb for different strengths of the optical pump
field. We find that, in the absence of the optical pump
field, when only an intense microwave field is applied
to the system, no transparency windows appear, be-
cause without the optical radiation pressure, even though
the microwave field is intense enough to generate strong
piezomechanical coupling, no quantum interference oc-
curs between different energy level pathways. With in-
creasing optical pump field power, the transmission depth
of the double-OMIT window also increases. This phe-
nomenon occurs because the transmission rates of the
two minima points of A± are both proportional to the
optomechanical coupling strength |Gom|, as shown in
Eq.(15); with the enhancement of the optomechanical
coupling strength, the quantum interference strength be-
tween different energy level pathways becomes increas-
8ing strong, thereby increasing the transmission depth of
the double-OMIT window. In this situation, as shown
in Fig. 6, the transmission rates of the probe field at
two minima points can both be adjusted by the optical
pump field, and the frequencies of the probe field at those
two minima points can also be used as the information
channel, hence this phenomenon can potentially be ap-
plied in double-frequency channel information processing
in solid-state quantum systems.
Furthermore, we discuss the situation in which ∆c is
different from the mechanical resonator frequency ωb,
where ∆c is the detuning of the microwave driven field
from the microwave cavity. As illustrated in Fig. 7, when
the detuning ∆c is far from the frequency of the mechani-
cal resonator ωb, no double-OMIT appears. When the de-
tuning ∆c is slightly different from that of ωb, the asym-
metric double transparency window appears. Relative to
the case of ∆c = ωb, the absorption curves move right-
ward (leftward) in the case of ∆c < ωb (∆c > ωb). With
an increasing difference between ∆c and ωb, the degree
of window asymmetry also increases. This phenomenon
is characterized by Eq.s (14)-(16), when ∆c 6= ωb, the
condition λa = λc = λb converts into λa 6= λc 6= λb. As
a result, the mechanical resonator level splits into two
new asymmetric dressed levels, with the separations be-
tween them from the mechanical resonator level and the
transmission rates of the two minima points being un-
equal. In this situation, because the frequencies of the
two minima points can both be controlled by changing
the frequency detuning between the microwave driven
field, and because the frequencies of the probe field at
those two minima points can be used as the information
channels, this phenomenon can also be applied for tun-
able double-frequency channel information processing in
solid-state quantum systems.
For a more comprehensive treatment, we consider the
condition that the frequency of the microwave field is
resonant with the superconducting coplanar microwave
cavity, for which the detuning ∆c = 0. As shown in
Fig. 8, when a weak controlled microwave field is ap-
plied to the system, only a single transparency window
appears at the frequency of δ = ωb. With the enhance-
ment of the controlled microwave field power, the single
transmission window gradually becomes a narrow-line.
This phenomenon arises because when ∆c is far from ωb,
based on Eq.s (14)-(16), the mechanical resonator level
splits into two new asymmetric dressed levels, for which
both the separations between them from the mechanical
resonator level and the transmission rates of the two min-
ima points are unequal. When the detuning ∆c = 0 is
too far from ωb, the asymmetry degree of the window is
so high that the smaller of the two transparency windows
vanishes. With the enhancement of the microwave field,
based on Eq.(5), the effective detuning between the op-
tical pump field and the optical cavity becomes increas-
ingly greater than ωb; as a result, the optomechanical
coupling strength |Gom| decreases gradually, causing the
single transmission window to shrink into a narrow-line.
In this situation, because the transmission rates of probe
field at frequencies δ = ωb can be controlled by chang-
ing the power of the microwave driven field, similar to
the situation shown in Fig. 7, this phenomenon can also
be used for tunable single-frequency channel information
processing in solid-state quantum systems.
V. CONCLUSION
In conclusion, our proposed scheme provides a feasible
way to control the optical field with a microwave field
in solid-state quantum systems, in which a piezoelectric
optomechanical crystal resonator is placed in a super-
conducting microwave cavity. In this scheme, an N-type
four-level structure can be formed. Under the effects of
the radiation pressure and the piezoelectric interaction,
the quantum interference between different energy level
pathways induces the occurrence of the double-OMIT.
Similar to the double-EIT observed in natural atomic
systems, the double-OMIT can also be applied in the
fields of optical switches, high-resolution spectroscopy,
coherent population trapping and quantum information
processing. With the advantage of integration, our sys-
tem can be extended to other hybrid solid-state systems,
which would be helpful for exploring new quantum phe-
nomena.
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